Estimation of Local Capillary Trapping Capacity from Geologic Models  by Saadatpoor, Ehsan et al.
 Energy Procedia  37 ( 2013 )  5501 – 5510 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.06.470 
GHGT-11 
Estimation of local capillary trapping capacity from geologic 
models 
Ehsan Saadatpoor*, Steven L. Bryant, Kamy Sepehrnoori 
Depatment of Petroleum and Geosystems Engineering, The University of Texas at Austin, 1 University Station C0300, Austin, TX 
78712, USA 
Abstract 
Local capillary trapping, which is accumulation of CO2 under local capillary barriers, occurs during buoyancy-driven 
flow through rocks with fine-scale heterogeneity. However, fine-scale flow simulations that resolve the local 
heterogeneity and show the local capillary trapping have very large and impractical run times. In this work, we find a 
fast method to estimate these structures from the geologic model assuming a critical capillary entry pressure for the 
domain. The algorithm uses the capillary entry pressure field and the critical entry pressure as inputs and finds the 
potential barriers inside the domain and calculates the holes surrounded by clusters of potential barriers. The holes 
correspond to local capillary traps and will give us an estimate of the local capillary trapping capacity in the domain. 
This estimate should be an upper bound, since we cannot judge a priori whether CO2 will find its way into these 
holes.  
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1. Introduction 
When a CO2 plume rising under the effect of buoyancy through brine-saturated formation encounters a 
region where capillary entry pressure is locally larger than average, the CO2 starts to accumulate beneath 
that region. This mode of trapping which occurs during buoyancy-driven flow through rocks with fine-
scale heterogeneity is called local capillary trapping (Saadatpoor et al. [1], Krevor et al. [2]). For example 
in Fig. 1, CO2 was initially emplaced at the bottom of a 2D heterogeneous domain and then, it rises under 
the effect of buoyancy. The figure shows gas saturation after the buoyancy-driven flow reaches the 
steady-state. The CO2 has risen from its initial placement (cyan blocks at bottom of the domain) to create 
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ramified structures containing large saturations (yellow blocks). The arrows show some examples of local
capillary trapping in these structures.
Fig. 1. Buoyancy-driven flow of CO2 inside a heterogeneous storage formation, after CO2 was initially emplaced at the bottom. Pink
arrows show examples of local capillary trapping at steady state.
Fine-scale simulations that resolve the local heterogeneity and show the local capillary trapping have
very large run times; sometimes impractical especially in 3D simulations. So we are going to find a 
method to estimate the local capillary trapping from geologic model, not from costly simulations.
In nature, sedimentary rocks typically are heterogeneous and have spatially correlated permeability 
fields. Permeability is related to the pore size distribution, which in turn can be estimated from capillary 
pressure curve. Therefore, permeability and capillary entry pressure are correlated. So the size of 
structures than can serve as local capillary traps depends on spatial correlation of permeability field. This
suggests that we can estimate these structures from the geologic model.
We postulate that whether a structure acts as a local capillary barrier depends on the magnitude of the
capillary entry pressure relative to a threshold value. This value is called critical capillary entry pressure
and it depends on several factors. One factor is the range of capillary entry pressure values in the domain; 
if the average value of entry pressures is larger in a domain A than domain B, then the critical entry 
pressure is also larger for domain A.
Finding this critical entry pressure is a key step in estimation of local capillary traps from geologic
models. Here we describe an algorithm to detect local capillary traps, given a value of critical entry 
pressure. We then examine the influence of the critical entry pressure on trap statistics, and compare
results to full-physics simulations.
2. Description of algorithm
2.1. Step 1: Find barriers and non-barriers
First step finds all the blocks in domain that have entry pressure exceeding the critical capillary entry 
pressure as barriers, and all the blocks that have entry pressure smaller than the critical capillary entry 
pressure as non-barriers. Fig. 2(a) shows the result of this step in a sample 2D domain where the critical
entry pressure is assumed to be constant. The barrier blocks with entry pressure higher than critical value
are colored in orange. The critical entry pressure can be spatially variable, e.g., increase with height from 
initial CO2 accumulation level, but for simplicity we assume constant critical entry pressure in this work.
2.2. Step 2: Find non-barrier clusters
Second step finds all the connected clusters of the non-barrier blocks from previous step. The blocks
are considered connected only if they share a face. Each of these connected clusters might be able to trap
 Ehsan Saadatpoor et al. /  Energy Procedia  37 ( 2013 )  5501 – 5510 5503
CO2 at some parts of its structure. We will find these parts in the next step. Fig. 2(b) shows three different 
connected clusters of non-barrier blocks (cyan, green, and yellow) in Fig. 2(a). The orange blocks are 
barrier blocks. 
2.3. Step 3: Find trapping structures 
For each non-barrier cluster, this step finds all non-barrier blocks that are surrounded (from top and 
sides) by barrier blocks, i.e., cannot connect to the top surface of the domain using top and side blocks. 
In fact, if a trapping structure is not connected to the top of the formation, it will be assumed to be a 
local capillary trap. If a trapping structure is connected to the top of the formation, then this step finds the 
local spill points in that trapping structure and determines the blocks above the spill point which could 
contribute in local capillary trapping. Each of these blocks is a potential local capillary trap that might be 
able to securely contain some CO2 if CO2 migrates into these traps from below. The blocks below the 
spill point are on a connected path toward the top surface of the domain. Therefore, they are not able to 
contribute in local capillary trapping. Fig. 2(c) shows the potential local capillary traps of Fig. 2(b), i.e., 
the non-barrier blocks that are surrounded from top and sides by barrier blocks. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 2. (a) The cyan blocks in the sample 2D domain are non-barriers that have entry pressure smaller than the critical capillary entry 
pressure. The orange blocks are barrier blocks. (b) Three different connected clusters of non-barrier blocks (cyan, green, and yellow) 
as a result of step 2. The arrows show examples of local spill point inside the cyan cluster. (c) The potential local capillary traps of 
the same sample as a result of step 3. These are non-barrier blocks that are surrounded (from top and sides) by barrier blocks and 
located above the local spill points of the trapping structure in which they are located (e.g., arrows in Fig. 2(b)). 
3. Verification 
To verify this method, we compare with the results generated by a full-physics simulator in sample 
geological models (2D and 3D) for buoyancy-driven CO2 migration.  
3.1. 2D domain with 5 ft correlation length 
The sample 2D geologic model is shown in Fig. 3. The domain is 400 ft wide and 100 ft high and 
consists of 1×1 ft grid blocks. The permeability field, Fig. 3(a), is correlated in horizontal direction with 5 
ft correlation length, but uncorrelated in vertical direction. The reference capillary entry pressure curve is 
shown in Fig. 8(b) with reference entry pressure of 1.2 psi. The entry pressure field, Fig. 3(b), is 
generated using the Leverett J-function, 
 
kPSJ cw cos   (1) 
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Fig. 3(c) shows the result of flow simulation for the sample model in Fig. 3(a). It shows the gas 
saturation profile after five years of buoyancy-driven flow of CO2 from an initial emplacement at the 
bottom of the aquifer at saturation of wrg SS 1 . No further migration occurs after five years.  
The entry pressure field has mean value of 2.1 psi and standard deviation of 1.4 psi. We use a constant 
critical capillary entry pressure, taking several values in the range of 0.7 to 2.8 psi.  
 
 
(a) 
 
(b) 
 
(c) 
Fig. 3. Sample 2D geologic model with 5 ft correlation length in horizontal direction: (a) permeability field (md), (b) the 
corresponding entry pressure field (psi) based on Leverett J-function, and (c) result of flow simulation that shows gas saturation 
profile after 5 years of buoyancy-driven flow of CO2 from an emplacement in the bottom of the formation. 
Comparing the result of flow simulation of buoyancy-driven displacement, Fig. 3(c), with the results 
of applying step 1 on the entry pressure field using different values of critical entry pressure suggests that 
CO2 flow paths match best with the barrier map with critical entry pressure of 2.0 psi. In Fig. 4, the flow 
path is overlaid on this barrier map. The green blocks show the flow path which goes through the non-
barrier blocks (which is expected to occur), and the red blocks show the flow path which goes through the 
barrier blocks (which should not occur if the critical entry pressure value is correct). There is an excellent 
agreement between the results and hence, prediction of barrier and non-barrier regions inside the geologic 
model is successful. In this case the critical entry pressure is close to mean entry pressure of the field. 
 
 
 
 Simulation only 
 Simulation and Geological Method 
 Geological Method only 
Fig. 4. Overlaying the flow simulation result of Fig. 3(c) on the barrier map for critical entry pressure of 2.0 psi. 
In the next step, the algorithm finds the connected clusters of non-barrier blocks. This step uses the 
barrier map from step 1 as an input and finds the different clusters of non-barriers as output. Fig. 5(a) 
shows the 477 different clusters of connected non-barriers for the case with 0.2,
Cr
entrycP psi (the color 
shows the identification number of each cluster.) Most clusters only contain a few non-barrier blocks (see 
histogram in Fig. 5(b)) which would not contribute significantly to local capillary trapping. However, a 
single large cluster exists with 20,412 blocks, more than 51% of the blocks in the domain. Therefore, 
there is a significant potential for local capillary trapping in this domain. 
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(a) 
 
(b) 
Fig. 5. Clusters of connected non-barriers in the sample 2D domain in Fig. 3 using 0.2,
Cr
entrycP  psi, (b) Histogram of size of 
clusters in part (a).   
In the last step, we find the holes that are surrounded by capillary barriers. Fig. 6(a) through (f) show 
the traps (clusters of red pixels) in the sample 2D domain using critical capillary entry pressure of 0.7, 
1.0, 1.2, 1.4, 1.8, and 2.0 psi, respectively. For small values of critical entry pressure (e.g., Fig. 6(a)) 
almost all non-barrier blocks are local traps, because the non-barrier clusters are very small and the 
barriers are extensive. As the critical capillary entry pressure increases, the size of non-barrier clusters 
increases. Therefore, number of local capillary traps increases. But at a sufficiently large value of critical 
entry pressure, the large non-barrier clusters become connected to the top of the formation. These clusters 
are not local traps and hence, the capacity of local capillary traps starts to decrease (cf. Fig. 6(f)). 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Fig. 6. Local capillary trap map resulting from step 3 of the algorithm applied on sample 2D domain in Fig. 3 using critical entry 
pressure of (a) 0.7 psi, (b) 1 psi, (c) 1.2 psi, (d) 1.4 psi, (e) 1.8 psi, and (f) 2.0 psi. 
Precise block by block comparison of the results of geological method with the results of simulation is 
shown in Fig. 7(a) to Fig. 7(c) for critical entry pressures of 1.0, 1.2, and 1.4 psi, respectively. In these 
figures, the green blocks show the local capillary traps that exist in both methods, the red blocks show the 
local capillary traps that exist in simulation results but not in the result of geological method, and the blue 
blocks show the local capillary traps that are predicted by geological method, but do not exist in 
simulation results. The higher the percentage of green blocks in the domain, the more agreement exists 
between the results of two methods. The results are also summarized in Table 1 which shows local 
capillary trapping capacity (percentage of total number of grid blocks) using simulation method and 
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geological method, and the common capacity predicted by both methods using critical entry pressure 
values of 1.0, 1.2, and 1.4 psi for geological method. For 4.1,
Cr
entrycP  psi, the method identifies all the 
local capillary traps observed in the full-
 the local capillary trapping capacity (34% compared to 
9% from full-physics). For 0.1,
Cr
entrycP  psi, the method has fewer false positives but also identifies fewer 
of local capillary traps filled in the simulation. Almost all of the larger clusters of local capillary traps are 
identified correctly; only smaller clusters (with very few grid blocks) are not being identified. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 7. Comparison of the local capillary traps predicted by simulation method and geological method using (a) 0.1,
Cr
entrycP psi, (b) 
2.1,
Cr
entrycP psi, and (c) 4.1,
Cr
entrycP psi.The green blocks show the local capillary traps that exist in both methods, the red blocks 
show the local capillary traps that exist in simulation results but not in the result of geological method, and the blue blocks show the 
local capillary traps that are predicted by geological method, but do not exist in simulation results.  
Table 1. Local capillary trapping capacity (percentage of total 
number of grid blocks) for 2D domain in Fig. 3 using simulation 
method and geological method, and the common capacity 
predicted by both methods using different CrentrycP ,  values for 
geological method. 
 CrentrycP ,  (psi) 
 1.0 1.2 1.4 
Simulation method 8.9 % 8.9 % 8.9 % 
Geological method 17.5 % 25.6 % 34.2 % 
Common in both methods 6.6 % 7.7 % 8.3 % 
 
3.2. 3D domain with 5 ft correlation length 
The sample 3D geologic model is 64 ft long, 32 ft wide, and 32 ft high. It consists of 65,536 grid 
blocks of 1×1×1 ft size. The small size of the model enabled a full-physics simulation with scaled 
capillary pressure field to be completed in a reasonable amount of time (5 days). The permeability field is 
correlated in x and y horizontal directions with 5 ft correlation length, but uncorrelated in vertical 
direction. Fig. 8(a) and Fig. 9 show 3D view and top areal view (I-J 2D view) of the permeability field in 
four middle layers of the model, i.e., layers 15 through 18.  
 
(a)  
(b) 
Fig. 8. (a) 3D view of permeability field of the sample 3D geologic model with 5 ft correlation length in x and y horizontal 
directions and uncorrelated in vertical direction. (b) Reference capillary pressure curve. 
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(a) (b) (a) (b) 
(c) (d) (c) (d) 
Fig. 9. Top areal view of permeability field of the sample 3D 
geologic model in Fig. 8(a). Figures (a) through (d) show layers 
15 through 18, respectively. 
Fig. 10. Top areal view of capillary entry pressure field of the 
sample 3D geologic model in Fig. 8(a). Figures (a) through (d) 
show layers 15 through 18, respectively. 
The reference capillary entry pressure curve is the same as previous sample with entry pressure of 1.2 
psi, as shown in Fig. 8(b). Fig. 10 shows the top areal view of the entry pressure field. The entry pressure 
field has mean value of 1.2 psi and standard deviation of 0.6 psi. We use a constant critical capillary entry 
pressure and choose values between 0.6 and 1.8 psi. 
After running the algorithm on the model in Fig. 8 with different values of critical entry pressure we 
find the barrier map of the model for these critical entry pressures. Fig. 11 and Fig. 12 show the 
comparison of simulation flow path with barrier map for critical entry pressure of 1.0 and 1.2 psi, 
respectively. The green blocks are the part of CO2 flow path that matches the non-barrier blocks in barrier 
map. The majority of flow path lies inside the non-barrier region and there is an excellent agreement 
between the results, especially in Fig. 12. The geological method is able to predict barrier and non-barrier 
regions inside the geologic model with good enough accuracy. Again the critical entry pressure that 
provides a good match is close to the mean entry pressure of the field. 
Finally, we find the local capillary traps which are surrounded by capillary barriers in the domain. Fig. 
13 shows the comparison between the results of geological method (using critical entry pressures of 1.0 
psi) with the results of simulation for layers 15 through 18. Fig. 14 shows this comparison using critical 
entry pressures of 1.2 psi for geological method with same color scheme as Fig. 7. The local capillary 
trapping capacity as percentage of total number of grid blocks is reported in Table 2 using critical entry 
pressure values of 0.9, 1.0, 1.1, and 1.2 psi for geological method.  
While the 0.1,
Cr
entrycP  psi is capable of capturing almost 80% of local capillary traps in the results of 
simulation, it is overestimating the local capillary trapping capacity of the model (11.4% compared to 
5%). For 2.1,
Cr
entrycP  psi, the local capillary trapping capacity of the model is better predicted (4.1% 
compared to 5%), but the method identifies only 1.6% of the 5% local capillary traps in the results of 
simulation. Therefore, although there is not a one to one correspondence between the results of the 
geological method and the simulation result, the geological method is able to give a good prediction of 
the local capillary traps when using 0.1,
Cr
entrycP  psi as critical capillary entry pressure. This critical entry 
pressure is located below the mean entry pressure of the field. 
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(a) (b) (a) (b) 
(c) (d) (c) (d) 
Fig. 11. Top areal view of CO2 flow path for 3D geologic 
model of Fig. 8(a) predicted by geological method (using 
0.1,
Cr
entrycP  psi) and by the simulation results. Figures (a) 
through (d) show layers 15 through 18, respectively. 
Fig. 12. Top areal view of CO2 flow path for 3D geologic 
model of Fig. 8(a) predicted by geological method (using 
2.1,
Cr
entrycP  psi) and by the simulation results. Figures (a) 
through (d) show layers 15 through 18, respectively. 
 
(a) (b) (a) (b) 
(c) (d) (c) (d) 
Fig. 13. Top areal view of the local capillary trap for 3D 
geologic model of Fig. 8(a) predicted by geological method 
(using 0.1,
Cr
entrycP  psi) and by the simulation results. Figures 
(a) through (d) show layers 15 through 18, respectively. 
Fig. 14. Top areal view of the local capillary trap for 3D 
geologic model of Fig. 8(a) predicted by geological method 
(using 2.1,
Cr
entrycP  psi) and by the simulation results. Figures 
(a) through (d) show layers 15 through 18, respectively. 
Table 2. Local capillary trapping capacity (percentage of total number of grid blocks) for 3D domain in Fig. 8 using simulation 
method and geological method, and the common capacity predicted by both methods using different critical entry pressure values 
for geological method. 
 CrentrycP ,  (psi) 
 0.9 1.0 1.1 1.2 
Simulation method 5 % 5 % 5 % 5 % 
Geological method 8.6 % 11.4 % 6.2 % 4.1 % 
Common in both methods 3.6 % 4.1 % 2.6 % 1.6 % 
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4. Discussion 
The results of four of our cases are summarized in Fig. 15 as the evolution of the local capillary 
trapping volume with critical entry pressure for 2D and 3D cases. The critical entry pressure is 
normalized by mean, , and standard deviation, , of the capillary entry pressure field to show the 
normalized distance to the mean. 
The figures show that there is a threshold value for critical entry pressure in which a step change 
occurs in volume of local capillary traps. This suggests a behavior similar to that seen in percolation 
theory. We will present a more detailed discussion of this analogy in future publications. The arrows on 
the plots show the value of critical entry pressure that leads to detection of local capillary traps in the 
simulation results and the color of the arrows matches the color of the plots. In all cases, the value of 
critical entry pressure that leads to detection of local capillary traps is less than this threshold value. 
This type of graph can help us in determination of the limiting bounds for local capillary trapping. We 
use the geologic method (which is a very fast method compared to flow simulation) to generate a plot of 
the volume of local capillary traps versus critical entry pressure. The maximum value of the curve which 
is read at the threshold critical entry pressure is an upper bound for local capillary trapping in this domain. 
Values of critical entry pressure smaller than the threshold value should be selected based on the 
operational conditions to give a better estimate of the local capillary trapping volume in the domain. 
 
 
 
(a) 
 
(b) 
Fig. 15. Evolution of the local capillary trapping volume with normalized critical capillary entry pressure for (a) 2D cases and (b) 
3D cases. 
5. Conclusion 
We have developed an algorithm that can estimate the structure of local capillary traps in a domain 
based on its geologic model, without doing the costly simulations of fluid flow in porous media. This is 
especially useful for 3D cases where the simulation run times are expensively large, i.e., days or weeks.  
The algorithm is created based on the dominancy of capillary forces in post-injection period in a CO2 
sequestration project. A critical entry pressure distribution is shown to be able to give acceptable 
estimations of CO2 displacement path and the resulting local capillary trapping during post-injection 
period. In 2D cases, for detection of the CO2 flow path, the mean entry pressure of the field should be 
able to successfully act as the critical entry pressure. For finding local capillary traps, the mean entry 
pressure predicts unrealistically large amounts of local capillary trapping and therefore, a value smaller 
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than the mean entry pressure acts better as critical entry pressure. In 3D cases, because of the effect of 
dimensionality, the trapping of CO2 is generally more difficult to happen due to one extra dimension 
available to flow for CO2 than 2D cases. Therefore, the local capillary trapping capacity is smaller than 
the 2D cases. However, the same rules as in 2D cases for values of critical capillary entry pressure can be 
used for evaluating the CO2 flow path and the local capillary traps. The important step of selection of the 
critical entry pressure corresponding to a domain still can be the subject of a comprehensive study. We 
will discuss the effect of critical entry pressure and other geologic properties on local capillary trapping in 
future publications. 
Based on different cases that we have examined, we suggest that the geologic method is used to 
generate a plot of the volume of local capillary traps versus critical entry pressure. The maximum value of 
the resulting curve is an upper bound for local capillary trapping volume in the domain. 
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